Hair cells, the sensory receptors of the internal ear, subserve different functions in various receptor organs: they detect oscillatory stimuli in the auditory system but transduce constant and step stimuli in the vestibular and lateral line systems. We show that a hair cell's function can be controlled experimentally by adjusting its mechanical load. By making bundles from a single organ operate as any of four distinct types of signal detector, we demonstrate that altering only a few key parameters can fundamentally change a sensory cell's role. The motions of a single hair bundle can resemble those of a bundle from the amphibian vestibular system, the reptilian auditory system, or the mammalian auditory system, demonstrating an essential similarity of bundles across species and receptor organs.
Introduction
The hair bundles of vertebrates are mechanosensory organelles responsible for detecting sounds in the auditory system, linear and angular accelerations in the vestibular system, and water movements and pressure gradients in the lateral-line system of fishes and amphibians (1, 2) . In each instance an appropriate stimulus deflects the bundles, depolarizing the hair cells from which they emerge (3) . Hair bundles are not simply passive detectors, however, for they actively amplify their responses to mechanical stimulation (4, 5) . Hair-bundle motility contributes to an active process that endows the auditory system with the ability to detect stimuli with energies near that of thermal fluctuations (6) , to distinguish tones that differ by less than 0.2% in frequency (7) , and to accommodate inputs varying over a millionfold range in amplitude (4, (8) (9) (10) (11) .
Auditory, vestibular, and lateral-line organs respond to distinct patterns of mechanical input. The mechanical properties and environments of hair bundles differ correspondingly between different organisms, among receptor organs, and with the tonotopic position along individual auditory organs (12) (13) (14) (15) . A mathematical model predicts that the response of a hair bundle is regulated both by its intrinsic mechanical characteristics and by its mechanical load (16) . Motivated by this proposition, we investigated how the load stiffness, or force per unit displacement, and constant force imposed on a bundle controls its dynamics and response to external perturbations.
Results

Mapping the hair bundle's experimental state diagram
The hair bundle's state diagram characterizes its behavior for different combinations of two control parameters: load stiffness and constant force. These control parameters describe the mechanical load imposed on a hair bundle within a sensory organ. A theoretical model of hair bundle dynamics predicts the qualitative structure of the state diagram ( Fig. 1A-C) . To test this prediction experimentally, we varied the mechanical load imposed on an individual hair bundle and monitored its displacement. The load was delivered to an individual hair bundle by attaching the tip of a flexible glass fiber to the bundle's top and by employing a piezoelectric actuator to displace the fiber's base. To control the load, we used a real-time processor that compared the bundle's actual position, measured by a photomicrometer system, with that specified by a command signal, and then provided feedback to the actuator to minimize the difference between the two (Fig. 1D) . By adjusting the strength of the system's feedback and the commanded position, we independently manipulated the load stiffness and the constant force, which allowed us to vary the bundle's operating point to reveal its experimental state diagram ( At each operating point we classified a hair bundle's motion as oscillatory or quiescent based on the distribution of its displacement (State-diagram mapping and analysis section in
Materials and Methods).
In accord with previous manipulations of applied force (17) , we found that hair bundles oscillated spontaneously for operating points in certain regions of the experimental state diagram but were quiescent for others. The activity and mechanical properties of hair bundles depended on their diameter, which resulted in oscillatory regions of varying extent ( Fig. 2 and Supplementary Fig. 2 ). For the lowest values of load stiffness, small bundles exhibited multimodal oscillations ( Fig. 2A) (18) . The limited range of operating points for which the clamp was stable permitted exploration of only the region of spontaneous oscillation for the largest hair bundles ( In agreement with simulations, an increase in the stiffness was correlated with a rise in the frequency of oscillation for many bundles and with a decrease in the amplitude of oscillation in all cases (Fig. 2 (16) . The decrease in the amplitude of oscillation for a given bundle persisted for the duration of an experiment ( Supplementary Fig. 3A-B) . The region of spontaneous oscillation was abolished upon addition of gentamicin, a drug that blocks mechanoelectrical-transduction channels (Supplementary Fig. 3C-F ). This result implies that the architecture of the experimental state diagram reflects active hair-bundle motility, which depends upon functional channels.
Response to sinusoidal stimulation
The principal role of hair cells in the auditory system is the detection of periodic forces derived from sound. Although modeling suggests that a quiescent hair bundle should respond with maximal frequency tuning and nonlinearity at the boundary of the region of spontaneous oscillation (11, (19) (20) (21) (22) , no experimental study has systematically examined bundles near this critical locus. We therefore inquired how hair bundles situated at various positions in the experimental state diagram respond to sinusoidal stimulation over a range of amplitudes and frequencies.
The boundary between the regions of spontaneous activity and quiescence lay between operating points for which the bundle's behavior could be clearly classified as either oscillatory or quiescent based on the distribution of its displacement. When poised near this border, a hair bundle exhibited resonant frequency tuning: its phase-locked response-the magnitude of its average oscillation amplitude at the stimulus frequency-in response to sinusoidal stimulation displayed a clear peak (Fig. 3A) . As the bundle's operating point was displaced into the quiescent region, the response at this resonant frequency progressively diminished. The sharpness of tuning, quantified by the quality factor of the resonance, was greatest on the oscillatory side of the boundary and in one instance approached that of auditory organs (10, 30) ( Fig. 3A and Supplementary Fig. 5A ,C).
When we exposed a hair cell's apical surface to gentamicin to abolish active hair-bundle motility, a hair bundle's tuning diminished at all operating points; the response at the original resonant frequency collapsed to the noise floor ( Fig. 3A and Supplementary Fig. 5A,C) . This result confirmed that the peak response and sharpness of tuning stem from active hair-bundle motility that augments the bundle's mechanical response. Indeed, the response of an untreated hair bundle exceeded that of a treated bundle for most stiffness values and stimulus frequencies.
Unlike the response of an untreated bundle, that of a treated bundle was insensitive to the load stiffness and resembled that of a low-pass filter.
The phase of an active hair bundle's response led that of the stimulus for frequencies below the bundle's resonant frequency and lagged for frequencies exceeding that value ( Fig. 3B and Supplementary Fig. 5B,D) (11) . The phase lead diminished far from and on the quiescent side of the border of spontaneous oscillation and disappeared upon application of gentamicin, indicating that the lead was generated by active hair-bundle motility (Fig. 3B) .
A hair bundle's sensitivity-its phase-locked response divided by the magnitude of the stimulus force-decreases for forces of increasing amplitude (Fig. 3E-F and Supplementary   Fig. 6 ) (11) . This change in the sensitivity is greatest for spontaneously oscillating bundles and the sensitivity appears to become independent of the operating point for large forcing. The sensitivity is largest for operating points for which the hair bundle oscillates, although the bundle is most strongly entrained when it operates on the quiescent side of and near the border of spontaneous oscillation for forces of intermediate magnitude. Unlike previous experimental and theoretical work that described a linear response for large-amplitude forcing (48) , no such effect was found in the present work owing to an experimental limit on the maximal stimulus force possible.
To compare the experimental behavior of hair bundles with the predictions of a dynamical model of hair-bundle activity (16), we conducted simulations of the responses expected in the presence of thermal noise. The model's response agreed qualitatively with the experimental observations (Fig. 3C-D,G-H) . Near the boundary of the oscillatory region, the entrained responses accorded with those predicted for a system operating at the edge of an oscillatory instability (22) (23) (24) (25) , for which the sensitivity decreases as the magnitude of the force to the power of -2/3.
Far from the border of the oscillatory region, a hair bundle's maximal response to weak stimulation was smaller and the response as a function of frequency was less sharply tuned than near the border (Fig. 4A) . Hypothesizing that this observation reflected reduced entrainment to the stimulus, we assessed how well the responses followed the stimuli by computing the vector strength at the resonant frequency for a range of load stiffnesses. The vector strength peaked at the edge and on the quiescent side of the boundary of spontaneous oscillations (Fig. 4B ). To better characterize entrainment, we delivered stimuli of both increasing force and increasing frequency to oscillatory hair bundles subjected to three load stiffnesses. Entrainment to small stimulus forces was maximal for operating points nearest the boundary of oscillation (Fig. 4C ).
This dependence of vector strength on the operating point diminished for stimulation away from the bundle's characteristic frequency ( Fig. 4C-E ). In agreement with published observations (26, 27) , entrainment was frequency-dependent for a range of stimulus forces. A map of vector strength computed across a range of stimulus forces and frequencies disclosed a phase-locked region that depended on load stiffness. Although experiments were limited by the bundle's low resonant frequency, the entrainment region appeared to become more sharply tuned as the load stiffness increased (Fig 4F-H) , an effect that was previously obscured by the use of different hair bundles for each load stiffness (26) . The responses to periodic forcing together indicate that a hair bundle's capacity to encode auditory stimuli depends upon its mechanical load.
Response to pulsatile stimulation
Hair bundles are often investigated in vitro with pulses of displacement or force (1, 8, 28 ) that additionally correspond to the stimulation of some vestibular organs in vivo (29) . Because we expected a bundle's response to such stimuli to depend upon its load (16) , we recorded responses to force pulses from hair bundles subjected to mechanical loads representing operating points within and outside their regions of spontaneous oscillation.
As the constant force applied to a bundle became more negative, hair-bundle oscillations decreased in frequency but not in amplitude until they ceased altogether (Fig. 5A ), in agreement with the results of previous studies that employed a low load stiffness (27) . Positive force pulses delivered to a hair bundle subjected to successively more negative constant forces first induced oscillations and subsequently evoked twitches (1, 39) , rapid movements that transiently exerted negative forces on the stimulus fiber (Fig. 5A) . A second bundle held under a negative constant force responded to a positive pulse by moving less than the stimulus fiber's base (Fig. 5B ). When the bundle was subjected to a still more negative constant force, however, the bundle's displacement in response to a pulse exceeded that of the stimulus fiber's base. During this movement, the force delivered to the hair bundle was negative in sign, implying that the hair bundle exerted a positive force on the fiber (Fig. 5C ). This phenomenon, which had previously been observed only once before for an outer hair cell's bundle in the rat's cochlea (28) , demonstrates that amphibian vestibular hair bundles can be induced to respond qualitatively like mammalian auditory bundles despite their different morphologies. The behavior arises from the nonlinear stiffness of a bundle owing to channel gating, a feature conserved in bundles across receptor organs. We observed that increasing the stiffness and constant force confronting a hair bundle drives it from the region of spontaneous oscillation into a domain of quiescence. The boundary between the two regimes represents a bifurcation, that is, a dramatic change in behavior in response to continuous variation of one or more control parameters. Several observations indicate that the boundary associated with large values of the load stiffness constitutes a line of supercritical Hopf bifurcations (11, 16, 20, 26, 38) . Both the tuning and degree of entrainment of a bundle are maximal near the bifurcation; the frequency of spontaneous oscillations on one side matches the resonant frequency on the quiescent side; and the amplitude of spontaneous movement grows continuously from zero as the operating point progresses into the region of spontaneous oscillation. For low values of the load stiffness, however, the amplitude of spontaneous oscillation does not change as the bifurcation is approached, a behavior more consistent with a fold of limit cycles or an infinite-period bifurcation (32, 33) . The model for hair-bundle mechanics predicts this change in the type of bifurcation as the stiffness is varied
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(16).
The characteristic frequencies measured near the supercritical bifurcation accord with those of saccular afferent axons in vivo (34, 35) , suggesting that hair bundles normally reside at operating points near the high-stiffness arc of bifurcations. Consistent with this idea, the elastic load imposed experimentally at the bifurcation resembled the stiffness of the otolithic membrane that ordinarily confronts a saccular hair bundle (36) . This result reinforces the thesis that the behavior of hair bundles in vivo is dictated by their mechanical loads. We also predict that reduction of these elastic loads in vivo will affect the oscillatory behavior of hair bundles, for example by increasing the prevalence and amplitude of otoacoustic emissions.
Although the sharpness of tuning that we measured was less than that of the mammalian cochlea (37) , it largely accounts for frequency tuning in the amphibian auditory system (30) .
Moreover, the sharpness of tuning and the degree of nonlinearity found here represent lower estimates owing to the limited frequency resolution of the recordings. In agreement with theory Our results demonstrate an essential similarity of hair bundles, whose responsiveness in various receptor organs is controlled by mechanical loading. Although previous studies used different stimulus fibers to investigate the effects of stiffness and constant force on different hair bundles (26, 38) , our approach revealed multiple mechanosensory modes in individual bundles.
Depending upon its operating point, an individual bundle may twitch and oscillate like those in amphibian and reptilian receptor organs (39) or overshoot the stimulus like those in the mammalian cochlea (28) . Although hair bundles in the mammalian cochlea detect frequencies extending two or three orders of magnitude greater than those detected by the bullfrog's sacculus, these results indicate that bundles from both organs rely on the same essential mechanisms.
Adjustments to these mechanisms-the rate of adaptation and the degree of nonlinearityregulate the speed and range of responsiveness. It is probable that the physical properties of hair bundles and their accessory structures have evolved to adjust the functions of different receptor organs within a range of organisms.
In contrast to a manufactured device that is designed to produce or respond to signals in a stereotypical fashion, a single hair bundle can function in various capacities. Here we show that an individual hair bundle can behave like any of four different devices. A bundle may generate spontaneous oscillations like an oscillator that produces repetitive square or sine waves. It can resonate with high frequency resolution like a resonant circuit that responds to one frequency with greater amplitude than to any other. By attenuating high-frequency stimuli, a bundle may serve as a low-pass filter that attenuates signals above a cutoff frequency. Finally, by twitching at the onset of a pulse displacement, a bundle can mimic a step detector that identifies discontinuities in incoming signals. These observations for a particular sensory organelle reveal a general principle that may be utilized by both biological and artificial systems: a nonlinear system can be controlled to serve many different functions by adjusting only a few key parameters.
Materials and Methods
Experimental preparation. To determine a fiber's stiffness and drag coefficient, we analyzed its thermal fluctuations while submerged in water. We fit the power spectrum S X as a function of frequency f from a 30 s record to the Lorentzian relation (49)
Here a is a fitting parameter, f 0 is the half-power frequency, k B is Boltzmann's constant, T is the temperature, ξ SF is the fiber's drag coefficient, and K SF is the fiber's stiffness. Fibers had stiffnesses of 50-600 µN·m -1 and drag coefficients of 25-80 nN·s·m -1 .
The base of each stimulus fiber was secured to a high-frequency piezoelectric actuator (PA 4/12, Piezosystem Jena GmbH, Jena, Germany) driven by an 800 mA amplifier (ENV 800,
Piezosystem Jena). The actuator was mounted on a micromanipulator (ROE-200, Sutter
Instruments) for positioning of the fiber's tip.
The tip of a horizontally mounted stimulus fiber was tightly coupled to the kinociliary bulb of an individual hair bundle. Each hair bundle was classified by its diameter at the insertion into the cuticular plate. A small bundle was estimated to have a diameter of less than 2 µm and about 20 stereocilia; a medium bundle was 2-4 µm in diameter and encompassed approximately 40 stereocilia, whereas a large bundle of more than 4 µm contained around 60 stereocilia.
Photometric recording. The motion of a hair bundle was tracked by imaging the stimulus fiber's tip on a dual photodiode at a magnification of 1,350X. The output of the photodiode was then relayed through a low-pass filter with a cutoff frequency of 2 kHz (BM8, Kemo Limited, Dartford, United Kingdom). The sensitivity of the photodiode system was calibrated by independently translating the fiber's image in 20 µm steps with a mirror coupled to a second piezoelectric actuator driven by a 300 mA amplifier (PA 120/14 SG and ENV 300 SG, Piezosystem Jena). This actuator was calibrated by a heterodyne interferometer (OFV 501, Polytec GmbH, Waldbronn, Germany).
Mechanical-load clamp. In most clamp systems, such as the venerable voltage clamp, a negative feedback loop holds one experimental variable fixed while the conjugate variable is measured. Under displacement-clamp conditions, for example, a hair bundle is maintained at a commanded position while the ensuing force is evaluated (42, 43) . A force clamp inverts this relationship: feedback imposes a constant force while the displacement is determined.
In the present experiments we implemented a generalization of this procedure, loadclamping, in which the feedback system simultaneously imposes on a hair bundle two conditions that mimic the bundle's environment in vivo. The system serves as a stiffness clamp that imposes a specified elastic load and at the same time acts as a force clamp that applies a commanded constant, sinusoidal, or pulsatile force. Load-clamping is possible because contemporary computers can solve the necessary differential equations on a timescale shorter than the mechanical relaxation time of the stimulus fiber and attached hair bundle (40, 44) . In a further generalization of the approach, we intend to examine the hypothesized effects of inertia and drag on hair bundles, two parameters that may for example play a greater role in vestibular and auditory organs (16) . An extension of the present system shall include additional mechanical control parameters and is currently under development.
At the point of contact between a stimulus fiber and hair bundle, the elastic force produced by the flexion of the fiber is balanced by the sum of the elastic and drag forces associated with the fiber and bundle:
Here Κ SF is the stiffness of the stimulus fiber and Κ HB is that of the hair bundle, Δ is the position of the fiber's base and X is that of the hair bundle, ξ XX is the drag coefficient of the stimulus fiber owing to motion at the fiber's tip and ξ Δ X is that owing to motion at the fiber's base, and ξ HB is the drag coefficient of the hair bundle. 
This signal is amplified by the gain G to generate an output signal V O that is delivered to the piezoelectric stimulator,
The stimulator's displacement output is linearly related to its input signal by a coefficient β, Δ = βV O , so the resultant displacement of the stimulus fiber's base is
Combining Equations 4 and 7 yields
When € αβGξ ΔX << ξ XX + ξ HB and 
for timescales greater than ξ ΔX /K SF < 0.1-0.3 ms. Additional forces owing to the drag from the base of the fiber are not significant for times exceeding this bound.
The displacement command may be used to apply various types of stimuli to the bundle.
We may choose
is a sinusoidal force of angular frequency ω S , and
is a force pulse. Equation 9 then yields
The clamp thus allows us to control the stiffness and various forms of stimulus force independently through adjustment of the proportional gain G and command displacement X C .
After poising a hair bundle at a particular operating point defined by the stiffness and offset force, we sometimes delivered sinusoidal force stimuli and recorded the bundle's response.
Prior to each set of stimuli, the hair bundle was held at its operating point for 3 s to allow it to reach a steady state; stimuli were subsequently delivered for 15-50 cycles, depending upon the frequencies chosen. In other experiments we used a similar protocol to deliver 1 s force pulses.
Clamp verification. To demonstrate robust independent control of the stiffness and constant force with a mechanical-load clamp, we applied stimuli to a vertically mounted glass fiber that served as a simulacrum of a hair bundle. This arrangement provided a system with a known, linear stiffness for calibration and controls. For calibration purposes, steps were delivered for a series of forces and stiffnesses. For each constant force, the steady-state position of the fibers' tip is given by
The validity of this relation is confirmed in Supplementary Fig. 1 . Gentamicin controls. We evaluated the sensitivity of hair bundles to applied forces when oscillations were arrested. Transduction channels were blocked with 500 µM gentamicin sulfate applied in the upper chamber, a treatment whose reversibility allowed bundles to be reassessed after washout.
State-diagram mapping and analysis.
To construct an experimental state diagram, we subjected a hair bundle to a set of load stiffnesses and constant forces, recording at each operating point for 2-8 s. The control parameters were specified for each operating point by a constant command displacement X C and proportional gain G. If a hair bundle was oscillating at a particular operating point, then the distribution of its displacements displayed more than one peak. To analyze this distribution, we first removed slow drift in the time trace of bundle displacement by subtracting the time trace smoothed by moving averages over a time window of a fixed length. We then employed up to three statistical tests to determine whether the displacement distribution was multimodal. Hartigans' dip statistic is larger for multimodal distributions than for unimodal ones (46) . Using as the null distribution a normal distribution with the same mean and variance as the displacement distribution to make the test more sensitive, we defined a multimodality score to be equal to the dip statistic.
Displacement distributions that differed statistically from normal, possessing a multimodality score exceeding a threshold, corresponded to oscillatory operating points. This procedure did not identify all the operating points at which a bundle oscillated, however, for noise could obscure the dips between peaks in a distribution, resulting in a distribution that was asymmetric or broad.
To determine if a distribution is excessively asymmetric we created two additional distributions. The right distribution was constructed by reflecting about the mean each displacement greater than the mean displacement; the left distribution was found in an analogous manner. This process yielded two symmetric distributions that corresponded to the mirroring of the left and right halves of the original distribution. The original distribution was considered asymmetric if the left distribution and right distribution were statistically distinct. We defined the asymmetry score as the Kolmogorov-Smirnov test statistic resulting from a comparison of the left and right distributions. A distribution was judged to be asymmetric if the score exceeded a threshold and was statistically significant.
Broad distributions were identified as those with negative excess kurtosis. We defined a thinness score as the excess kurtosis divided by its standard error. This score has a normal distribution for large samples (47) . A distribution was considered broad if the thinness score lay below a threshold and was statistically smaller than that of a normal distribution.
By searching iteratively for a set of thresholds corresponding to the three scores described above, we found a set of operating points that was continuous and devoid of holes: a simply connected region for which a hair bundle oscillated. Outside this region, the bundle was classified as quiescent. This classification scheme has the advantage that it is not based on the amplitude of a bundle's noisy displacement, which is difficult to determine for many operating points. To emphasize the fact that the amplitude of a bundle's noisy displacements was not used to classify operating points, quiescent operating points are illustrated with a color not found in the spectrum used to illustrate the amplitude of spontaneous oscillations.
The amplitude and frequency of spontaneous oscillations at each operating point corresponded to the main peak of the time trace's Fourier transform. To reduce spectral leakage owing to the short duration of each time trace, the trace was multiplied by a Hamming window after subtracting the mean displacement. The trace was then zero padded to improve the accuracy of determining the peak. Because the resulting Fourier transform contained spurious lowfrequency and high-frequency peaks owing to the measurement system, we searched for the largest peak between a minimum of 0-2 Hz and a maximum of 100 Hz, well within the range of best frequencies expected for the bullfrog's sacculus (34, 35) . We excluded the power-supply frequency of 60 Hz. To account for the change in the height of this peak owing to windowing, we rescaled the value by a factor determined by applying the procedure described above to a sinusoidal time trace with duration equal to that of the original trace.
To avoid including drift in the estimation of the root-mean-square (RMS) amplitude, we subtracted the mean from each time trace and found the local RMS magnitude for a moving window 1.5 times as large as the window used to remove the drift in the analysis of the displacement distribution. The drift was then removed from each of these time windows by subtracting a linear fit. The RMS magnitude of the entire time trace was defined to be the mean of the local RMS magnitudes.
Sensitivity. To evaluate a hair bundle's response to periodic stimuli, we calculated the bundle's phase-locked response ! X(ω s ) , in which ! X(ω s ) is the bundle's Fourier amplitude at the frequency of driving, ω s . Sensitivity was then defined as the modulus of the bundle's response
in which ! F(ω s ) is the Fourier amplitude of the stimulus force at the driving frequency.
Phase difference with respect to stimulation. For those instances in which a sinusoidal stimulus was provided, the phase difference between the sinusoidal component of motion commanded at the fiber's base Δ C (t) and that of the hair bundle X(t) was determined by the 
Here Δf corresponds to the bandwidth at amplitude A C /√2, in which A C is the amplitude of the bundle's response at the characteristic frequency. Larger values of Q correspond to sharper resonance. In most cases this operational definition underestimated the quality of resonance.
Vector strength. To assess the degree of entrainment between the stimulus fiber and the hair bundle, we measured the vector strength between the two signals. To do so, we first calculated the Hilbert transform of each signal,
in which F -1 is the inverse Fourier transform, sgn is the signum function, and ! X is the Fourier transform of the bundle's motion. From the analytic signal X A (t) = X(t) + iX H (t) we then calculated the instantaneous phase
in which Δ C,H (t) is the Hilbert transform of the sinusoidal component of motion commanded at the fiber's base, Δ C (t). The mean vector length, or vector strength from a signal of length N, is then given by terms were added to the model to yield the equations
in which x is the bundle's displacement, f is the force owing to adaptation, a is a negative stiffness owing to gating of the transduction channel, τ is the timescale of adaptation, b is a compliance coupling bundle displacement to adaptation, K is the sum of the bundle's load stiffness and pivot-spring stiffness, F c is the sum of the constant force intrinsic to the hair bundle and that owing to the load, and F is any time-dependent force applied to the bundle. All simulation results used the same values of a, b, and τ as our previous publication (16) Fig. 4A-B) . When the noise was large, however, the model bundles switched between stable states for operating points in the lowstiffness region of the diagram. The bundles additionally exhibited noise-induced oscillations for points in an excitable region that was classified as quiescent when the noise was small ( Supplementary Fig. 4C-D) . These behaviors suggest that the oscillatory regions found from experimental data included behaviors other than true limit-cycle oscillations at low stiffness values. Taken together, the simulations accorded well with the experimental state diagrams and highlighted additional behaviors unmasked by biological noise (Fig. 2 and Supplementary   Fig. 2 ).
Statistics. Paired Student's t-tests were used to determine the significance of amplitude responses, quality factors, and vector strengths; significance was defined as p < 0.05. Binned phase differences were evaluated with Rayleigh's test for non-uniformity of circular data. Information from this displacement monitor is conveyed to a target computer, which compares the bundle's position with the displacement commanded by the host computer and provides feedback with gain to a piezoelectric actuator that displaces the fiber's base. The command signal and gain together define the stiffness and constant force confronting the hair bundle.
Positive forces act toward the hair bundle's tall edge, to the right, and negative forces in the opposite direction. Analysis parameters and statistics for each experimental state diagram can be found in Supplementary Table 1 . Additional experimental state diagrams may be found in Supplementary   Fig. 2 . For oscillatory operating points, the shades of red correspond to either the RMS magnitude or the amplitude of spontaneous oscillation. The shades of blue correspond to the frequency of spontaneous oscillations. For both medium bundles, we encountered a border along which oscillations were suppressed. Near the border, the peak frequencies were (C) 20 Hz and (F) 10 Hz. In the case of the large bundle, we were unable to suppress spontaneous oscillations. In many instances the amplitude was inversely correlated with the oscillation frequency (see Supplementary Table 1 and stimulus frequency peaked at 250 µN·m -1 . These data support the hypothesis that a hair bundle achieves optimal phase locking near the edge of the oscillatory region for small forcing and for small differences between frequency of stimulation and that of spontaneous oscillation. Figure 2 and Supplementary Figures 2, 3 
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